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. ABSTRACT
s

-

A previous study (1)(0{ ore-dimensional gas-particle nozzle flows -~  »
has been expanded to treat.axially symmetric nozzle flows? Compari‘sro;s
between calculated and experimentally measured nozzle efficiencies are
given for a metallized double base progsllant whose exhaust contains 38%"-
condensed oxides. It is shown that the theory predicts the performance of
this prepellant in nozzles of greatly different size, shape and expansion
ratio, within the limits of the experimental measu ements. It is concluded
that the theory adequately describes the flow of gas -particie mixtures in

axially symmetric nczzles,
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HOMENCLATURE

Particle drag coefficient

Gas heat capacity

Particle heat capacity (Tp) TFB’
Particle heat capacity (Tp( Tm)
Ratlo, CD/ (CD) Stokes
Ratio, Nu/(Nu)

Stokes

Filn heat transfer ccefficient

Particle enthalpy

Particle enthalpy atter melting ('rp = Tpn)
Particle e-nthalpy before melting ('rp - Tlll)
Gas thermal conductivity

Nozzle length

Gas Mach number

Particle density

Particle Nusselt number, 2hrp/kg

Gas pressure

Gas Prandtl number JA 8c ks

Gas constent

Nozzle wall radius of curvature at nozzle throat
Radial coordinate

Particle radius

Nozzle throat radius

Gas temperature
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Forticle teagerature Foge 3

Particle solidification temperature

Gas axial velcecity

Perticle axial velocity

Gas radial velocity

Particle radial velocity

Cocxrdinate in flow direction

Gas ediabatic expasnsion coefficient

Equilibrium expansion coefficient for gas-particle system
Nozzle expansion ratio

Conical nozzle cone angle

Nozzle exit 1ip angle

Yozzle inlet angle

Nczzle initial expansion angle

Gas viscosity ccefficient

Cas density

Particle density in the gas (based on gas volume)

Particle stream function

Refers to throat conditions
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INTRODUCTIOR

Experience has shown that the efficiency of metallized propellants
(delivered impulse/theoretical impulse) is lower then the efficiency
of non-mztalliized propellants. This decreased efficiency has been
found i;o be approximately proportional to the particle weight fraction
in the exhaust gases. In sddition, performance losses have been
observed when using optimum contoured nozzles (calculated assuming
gas-particle equilibrium) with metallized propellants. These facts
suggest that non-equilidbrium gas-particle effects should be con-
sidered when making performance predictions for metallized propellants.
A study .>..) vas first made of one dimensional gas-partiéle nozzle
filows. It was found that gas-particle non-equilibrium erfects
became importent if the particle dismeter is greater than one microm.
For larger particle sizes, the predicted non-equiubﬁm effects
vere in qualitative sgreement with experimental results. The present
investigation is essentially an extension of the ebove study to

axially symmetric gas-particle nozzle flows.

CHARACTERISTIC RELATIONSHIPS OF GAS-PARTICLE SYSTEMS
The equations governing the flow of a gas-particle amixture have
been previously derived (2) and are given belov for axially symmetrical

flows:
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R%a) ¢ xrRM) = @
(B + Lnes) = 0
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where

X, = T?-ws + ‘L'-L'!. L’ >, 1\'&

(1)

(2)

(3)

*)

(5)

(6)

(M

(8)

(9)

(100)
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T« T A2 A2 A (10b)
Te = 2—? \ LP*.”&P (10c)
C'Ps

(For simplicity of pre:entation, only one particle size will
be considered in the derivation of the characteristic relation-
ships of gas-particle systems in this report. Complete details
of the theoretical treatment of gas-particle flows (including
consideration of a particle size distribution in the fiow) are
given in reference (2). The calculations presented in this paper
consider the measured particle size distribution (3) present in

the flow unless otherwise noted.)
The basic assumptions made in deriving the above equations

(1) There are no mass or energy losses from the system.

(2) The particles do not interect.

(3) The thermal (Brownian) motion of the particles does not
contribute to the pressure of the system,

(k) The internal temperature of the particles is uniform.

(5) Enerr 2xchange occurs between the particles and the
gas only by convection.

(6) The gas is considered to be a perfect gas of constant

composition.
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(7) The ges is inviscid except for the dreg it exerts
on the particles.

(8) The thersal heat capacities of the gas and particlcs
are constant.

(9) The volume occupied by the particles is negligible.

These same assumptions have been used in previous studies (1, ¥)

of the one dimensional flowv of gas-particle systems.

It has been found (2) that the complete system of characteristics
of the above equations are:
Along gas streanlines
oV (1)
A u‘

{_u. &\x\ PR\ - 6\ 1 . 6.1’ 2 - -21_'_2_'. (‘u\.u'\e& x (v, -‘\!‘,\ )J\X (12)
R v -9 P iy (Y1) " = T - 1
;: Y_‘&é?‘ 3 E:\" gV {S u,\ (\f‘ 7; i_!:“" ‘\-\&l (13)

Along gas Mach lines
A | W LR T (14)
Ar ug - WRT,

(wyde: ‘vx\ {q A::?z' \ ‘\v“‘.'“v\ (“s“’\ a- 1 Q" “t"' AL

d3
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Along particle streamlines,

Ao VU
PR Wy

Wpd Wy 2 °.§.L”“° (Ug-up) &2

_f

Vi, AV, - «;L '. (LAY

-vr’

Wp dky = - 3 RgAr c,\u SAYY

&\»V:O

where Y, 1is the particle stream function defined by

kq}?\f\. = R?P\L\'

K\\)f‘i = -&F[ VP

It ias seen that all the characteristics of the equations

™ T106-0023-MU000

(15)

(16)

(17)

(18)

(19)

(20)

(20a)

(20v)

governing the flow of a gas-particle system are resl 1f the flow

is supersonic (M>1)., Using the above relationships, one may
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compute the supersonic flow of a gas-particle mixture using the
method of characteristics. Figure I illustrates the characteristic

mesh.

It is interesting to note ppat one of the characteristic
directions of the above equations 1s identical with the gas Mach
lines independent of the presence of the particles. This result
is similar to the situation found in reacting gas mixtures (5) in
which one of the characteristic directions is also identical with
tbe gas Mach lines independent of chemical reactions occurring in
the flow.

TRANSONIC FLOW OF A GAS~-PARTICLE SYSTEM

To solve the equations governing the t{ransonic flow ¢f a gas-
varticle mixture is an extremely formidable task., For perfect gas
flows, one can obtain approximate transonic solutions by taking
perturbations about the sonic velocity (6, 7). This method 1s
applicable for perfect gas flows because the throat conditions are
essentially determined by the nczzle geometry in the immediate
neighborhood of the throat and are quite insensitive to thne nozzle

inlet geometry. This 18 not true for gas-particle flows as the

throat conditions are determined by the nozzle inlet geometry (1).
Thus to obtain initial conditions to start a characteristic calcu~-

lation for a gas-particle system, one must solve for the complete
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subsonic and transonic flow field in the nozzle inlet and throat

regions.

One jcan obtain interesting qualitative information about the
transonic flow of a gas-particle mixture by such a perturbation
method however. let us consider a gas-particle nozzle flow which
is essentially in equilibrium. The gas properties in the transonic

throat region can be approximated by (1, 6)

Wy 2 e ol 4 WA (21)
\)"‘ '\* % ,\g‘\.

Jy Wt . ) et N (22)

"\ r\\\ v 3

«{ w n
where

= 2. (23)

Yy R®

and the rnozzle throat location is given by

t . -\PL\ n* (24)
0 N

From equations (7) and (8) we find that to Seuer's order of

Fad

epproximation
b K(1ewE o e \ (25)
‘ki nE S v
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Voo [T ot 2 1 w_‘gyx AR, (26)
TR ARG R IR TR
where
2 .- PNERTE, TN
Kz |- LZefe W L Tele Wy g\ (21)
Ade ANA

Examination of the above equations show that the particle and
gas streamlines diverge in the throat region for all particle sizes
even though the flow may be essentially in equilidrium. Thus the
varticles concentrate along the nozzle axis which greatly complicates
calculation of the gas~partixle flow properties in the nozzle throat.

This is 1llustrated in Figure II.

It has been shown (1) that the Mach number in a gas-particle
nozzle flov is less than one at the nozzle throat. For typical
metallized propellants calculations show that the Mach number is
approximately .8 at the throat. Hence, the transonic zone in a
gas-particle flow extends downstream of the throat. Beceuse of
this, a discontinuity in the wall radius of curvature at the
throat will have a great influence on the flow, Thus it will be
extremely difficult to calculate the gas-particle flow properties
in a throat region of a nozzle having different wall radii of

curvatures upstream and downstream of the throat.
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From the sbove discussion, it i3 evident that one can only
obtain approximate solutions to the equations governing the
transonic flow of a gas-particle system. In order t¢ reduce the
complexity of the calculations, the nozzle inlet and thrcat
geometry considered in this study consisted of a conical inlet
section Joined smoothly to a constant radius of curvature throat
section. This geometry is shown in Figure III. It is believed
that this simplified geometry adequately represents the inlet

and throat geometry of nozzle configurations of interest.

APPROXTMATE METHOD FOR OBTAININC' GAS~PARTICLE
TRANSONIC FLOW CONDTIONS

The following method was used to obtain approximate initial
conditions for the characteristic calculetions. In the conical
inlet section, the flow was assumed to be a onz-dimensional sink
flow. The equations governing the onc.dimensional flow of a gase
particle system were solved to obtain the flow properties oun the
sink line. The gas properties in the throat region were approxi-
mated by the perfect gas relationships and particle trajectories
were calculated through the throat region to determine the
particle properties along the initial line., An averasge expansion
coefficient approximaring the gas-particle expansion (including

the effects of gas-particle non-equilibrium) was used (1).
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The initial conditions thus determined were self-consistent
as the characteristic calculations proceeded smoothly away from
the initial line. Comparisbn of the nozzle weight flows obtained
by the above matlod with those obtained by one-~dimensional
calculations shows that the two-dimensional weight flows are
slightly less than the oue-dimensional weighi flows. This agrees
with the results obtained (8) { . perfect gases. In addition, the
above methol of obtaining the gas-particle flow properties along
the initial lire is exact for the case of gas-particle equilibrium.
It is concluded that the gas-particle flow properties determined
along the initial line by the above method are an adequate

representation of the true flow properties for nozzle calculations.

COMPARI<.N OF EXPERIMENTAL NOZZLE FIRINGS WITH
CAICULATED NOZZLE PERFORMANCE

The experimentel nozzle firings which will be compared with the
calculations are firings conducted by the Herculss Powder Company. The
altitude nozzle fir{ags were conducted at the Arnold Engineering Develop-
ment Center and the sea level nozzle firings were conducted at the
Hercules facility in Baccus, Utah. Similar firings were made at both
facilities which allows direct comparison of firings at either site.

Most of the altitude nozzle firings have been previously reported (9).

——
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All of the firings were of short duration and were made with engines
containing a metallized double base propellant whose combustion products
contain 38% condensed metal cxides. Most of the firings were made with
forty pound charge (FPC) engines whose configuration is shown in Figure
IV. Various nozzle configurations were tested and the parameters used
to identirfy the nozzles are shown in Figufe V. '

A1l comparisons of experimental and calculeted nozzle performances
will be made on the basis of engine efficiency (delivered or calculated
impulse/theoretical impulse). It has been assumed that the calculated
theoretical impulse is correcf and no allowance has been made for
possible inaccuracies in this calculation.

In order to separate expansion losses from engine heat losses and
nozzle friction, these quantities have been calculated follgwing the
method suggested by Bartz (10). ihe calculated heat and friction losses
as well as the experimentally measured engine efficiencies are given in
Teble I for a series of conical nozzles. Tae difference between the
calculated heat and friction losses and the measured engine losses
was assumed to be expansion loss due to gas-particle non-equilibrium
in the nozzle.

Calculations of the expansion losses in these nozzles due to gas
particle non-equilibtrium in the nozzles are given in Table II. These
calculations wére made assuning various particle size distributions

present in the flow. rhe particle size distributions considered were




F!!!!!!!!!!!!!!llllllIlIlﬂHllIIIlII-I-.-u-.-.-‘----f

—
T

™ 7106~0023-MU0OO
Page 15

the nominal particle size distribution measured during these tirings
(3) and possible particle size distribu..~us (1o light and 16 heavy)
within the accuracy of the measurements.

It is seen that within the accuracy with which the various quantities
are known, the calculated losses dae to gas-particle non-equilibrium
in the nozzle are in reasonable agreement with the experimental
measurenents if one assumes the 10 light particle size distribution
is present in the flow. Although the theory seems Lo over estimate the
gas-particle non-equilibrium losses on the basis of ncminal estimate:
of all quantities, it is felt that the agreement bet.een the calculations
and the experimental measurements in quite good especially when one
considers that no allowance has teen made for possible inaccuracies in
the calculated theoretical impulses. 1In all further comparisons tetween
the calculations and experimental measurements, it has been assumed
that the 16 1ight particle size distribution .s present in the flow, In
addition, the calculations have beer adjusted slightiy (less thsn .5% in
all cases) to fit one of the experimental measurene-ts in the set of
nozzles being compared.

One of the more interesting predictions of the previous one-dimensional
study (1) is that the throat conditions for & gas-particle exhaus. m #r.0€
are fixed by the nozzle inlet geometry and that one can change nozzle
performance by changing only the nozzle inlet geometry. Table III

compares the experimental and calculated perfcrmance of a set of cut-off
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nozzles (€ = 1) in which only the wall radius of curvature in the
throat sevction was varied. Table IV compares the experimental and
calculated perfcrmance of a set of nozzles in which only the nozzle
inlet angle was varicd. It is seen that the predicted variation of
performance with changes in nozzle inlet geometry is confirmed by
experiment.

Table V compares the performance of similar nozzles of different
throat size v 1,h the calculated scaling effects. (The TPC engine is
essentially a 1/3 scale FPC and the Be-1 engine is similar to the
ABL-X248 engine. Although these nozzles do not have identickl inlets,
calculations show that the performances ¢f the TPC and Be-l1 nozzles
are identical wiih geometrically scaled FPC nozzles.) It is seen
that the predicted scaling effects are confirmmed by experiment.

Teble VI and VII compare the experimental and calculated performance
of conical and contoured nozzles of the same lengtn and expansion ratic. .
It is seen that the calculations adequately predict the performance of
the contoured nozzles. It is c¢f interest o r~.e that particle
impingement occurred on the lips of the two contoured nozzles in Table VI.
The calculations predicted particle impingement on the lip of the more
highly contoured nozzle.

Table VII compares one-dimensional and the arially symmetriec
calculations for a set of conical nozzles. It is seen that the one-

dimensional calculations underestimate the expansion losses due to gas-
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particle non-equilibrium by approximately .75%. It thus appears

that one cen estimate gas-particle non-equilibrium losses quite

adequately for conical nozzles through use of one-dimensional gas-

particle calculations.
SUMMARY

\ From the above comparisons of experimental and calculated
nozzle efficiencies of metallized propellants it is concluded that
one can predict the efficiency of these'propellants by considering
engine heat and friction losses and expansion losses due to gase
particle non-equilibrium in the nozzle.
It has been shown that the theoretical predictions of the effects
' of the nozzle inlet and throat section, nozéle\éontouring and nozzles
size on performance are in reasonable agreement with experiment. It

is concluded that present theoretical treatment adequately describes

axially symmetric gas-particle nozzle flows.
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o~ Measured Gas-Particle Non-Equilibrium Expansion Lossesg in

€ 3.5 20 24 24 24 24
No. Firings 2 32 8 3 2 2
r* 1.32" 1.32" 1.32% 1.32" 1.32" 1.32"
R*/r* 2 2 2 5 5 5
0, 300 300 300 300 309 30°
) 25.2° 21.5° 24° 12° 18° 24°
Calc. Heat .6t 29 .8t 29 .9t 3% 1.3588 1.1%.3%  1.05.3%
Losses
Calc. Friction Tt.2% 1.5t.54 1utug  2.9'986 2064 1.6%.5%
losses ]
Meas. Engine 95.42.3%  ou.7i.38  om.7ies  95.1%.38  95.1t.38  95.1%.38
Efficiency
Wras. Expansion 3.35.7%  3.00.08  3.001.3% 7t168 1.801.28  2.3%1.a¢
e TABLE II
Calculated Gas-Particle Non-Equilibrium Expansion Losses
in Conical Nozzles
€ 3.5 20 24 24 24 24
No. Firings 2 3 12 3 2 2
r* 1.32" 1.32" 1.32" 1.32" 1.32" 1.32"
R%/r* 2 2 2 5 5 5
o 30° 30° 30° 30° 30° 30°
0 25.2° 21.5° 24° 12° 18° 24°
Cele. Expansion 5.001.06 4.8%1.08 84.9%1.08 3.5%1.08 4.1%1.08  u.6M1.0%

Losses

<>
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TABLE TII
Comparison of The Experimental and Calculated
Effect of Changes iu The Nozzle Throat Geometry
€ 1 1 1 1 1 1 1
No. Firings 1 3 3 3 3 3 3
r 1.32" 1.45" 1.32"  1.32"  1.32"  1.32"  1.32"
K/z 1 2 3 5 7 9 15
o, 30° 30° 30° 30° 30° 30° 30°
Mees. Efficiency 91.5% 90.55.k%  92.2t.44 91.6%1.3% 92.3t.54 92.9%.3¢8 93.1%.54
Cale. Efficiency 90.6% 91.3% 91.8% 92.3% 92.6% 92.9% 93.2%
TABLE IV

Compcrison of The Experimental and Calculated

Effect of Changes in The Nozzle Inlet Angle

€ 3.5 3.5 3.5

No. Firings 1 3 3

r* 1.32" 1.32" 1.32"
R/r 2 2 2

o 5° 15° 30°

° 15° 15° 15°.
Meas. Efficiency 96.05.56  95.85.5¢  95.0%.5¢4
Celc. Efficiency 95.7% 95.4% 95.2%
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Comparisons of Calculated and Experimentai

Effects of Changes in Nozzle Throat Radii

Engiue

No. Fired

*
T

R*/r*
%
]
teas. Efficliency

Calc. Efficiency

3.5 3.5

TPC " FRC

3 3

Rl A 1.32"

2 2

27.6° 30°

15° 15°
93.0-.3%  95.h7.3%
93.0% 95.44

2k

24°
95.5+.3%
95.3%

*Efficiency corrected for rubber liner lose

2L
FEC

3
1.32"

2

30°

24°
M.7%.5%
. 7%

S ———————————— ey
sttt e}
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Comparison of Calculated and Experimental
Effects of Nozzle COntourihg

TABLE VI
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c
No. Fired

*
r

R*/ r

*
L/r

- Meas. efﬁciency*

*
Calc. efficiency

2k
1 . 32"
9.02

30

Cone

100.0%

100.0%

* Based on cone efficiency

2l 2h

8 3

1.32" 1.32"

2 2

9.02 9.02
30° 30°
Rao Mod. Rao
33.6° 45°
14,2° 12.4°
99.9%  98.1%
100.1% 98.84" "

*% Particle Impingement on nozzle 1lip
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TABLE VII
Comparison of Calculated and Experimental

Effects of Nozzle Contouring
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€ 20 20 20 20

No. Fired L 3 3 3

r 1.32" 1.32" 1.32" 1.32"

R/t 2 2 2 2

L/r 9.21 9.21 9.21 9.21

o 30° 30° 30° 30°

Contour Cone Are Are Arc

o 21.5° 23.5° 25.0° 26.0°

0, 21.5° 19.5° 18.0° 17.0°
- ags. Efficiency.  100.0% 100.4% 100.7% 100.7%

Calc. Efficiency.  100.0% 100.3% 100.5% 100.6%

*Based on cone efficiency

20

1.32"

9.21
30

27.0
16.0°

100.2%
100.3%
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TABLE VIII

Comparison of One-Dimensional and Two-Dimensional
Calculated Nozzle Efficiencys

€ 3.5 20 2h 24 2h 24

No. Firings 2 3 12 . 3 2 2

r 1.32" 1.32" 1.32" 1.32" 1.32" 1.32"
R/r 2 2 2 5 5 5

0, 30° 30° 30° 30° 30° 3¢°

e 25.2° 21.5° 24° 12° 18° 24°
Efficiency - 1D 100.5% - 100.8% 100.8% 100.5% 100.7% 100.85

Efficlency - 2D
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Data line _\ Right running gas Mach Line
Vauns Particle streamline

3 Point to be computed

N Gas streamline

Left running gas Mach Line

Plgure I Gas-Particle Characteristic Mesh

N - ~

o~

=Oline

Nozzle Wall = 0 line
, /

& Limiting Particle Streamline
\ \
Flow Direction —_— \ \ /— M =1 Line
!

—_— i

Figure IT Gas-Particle 'frensonic Flow
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{ eink flow
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Figure II7 - Nozzle fnlet aad Throat Geometry
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Graphite
Nozzle
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+

¥lgure IV Hercules FPC Engine Assembly

Pieare ¥V Nozzle Centour Paramoters
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